Objectives-Fetal soft tissue can be assessed by using fractional limb volume as a proxy for in utero nutritional status. We investigated automated fractional limb volume for rapid estimate fetal weight assessment.
A ccurate assessment of estimated fetal weight is an essential part of routine clinical care, although the performance of these prediction models requires improvement. Melamed et al 1 examined 26 birth weight prediction models for 3705 sonographic weight estimations within 3 days of delivery. Considerable variation was found among the different sonographic models. The accuracy of weight estimation decreased at the extremes of birth weight, leading to overestimation in low-birth weight categories as opposed to underestimation when the birth weight exceeded 4000 g. Furthermore, the performance of these weight estimation procedures can affect critical decisions about antenatal surveillance, clinical management, and delivery timing for both normal and complicated pregnancies.
Past investigators have described the use of 3-dimensional (3D) volume parameters for improving fetal weight estimation. [2] [3] [4] As one example, fractional limb volume is a subvolume of the arm or thigh that is used to evaluate soft tissue development as a proxy for fetal nutritional status. 5 Normal reference ranges and acceptable reproducibility of manually traced fractional limb volume have been previously reported. 6 A practical limitation of this approach, however, has been the time required to manually trace soft tissue borders around 5 image slices of the fetal limb.
Fractional limb volume can be added to 2-dimensional (2D) sonographic measurements of the head and trunk to improve the precision of fetal weight estimation. [7] [8] [9] [10] [11] [12] [13] [14] The recent introduction of a commercially available software tool now makes it possible to efficiently automate fractional limb volume measurements that are about 5 times faster than results obtained from manual tracing. 15 This pilot study examined the use of automated fractional limb volume for this purpose, since these computer-assisted measurements have been recently demonstrated to be reproducible, as well as more efficient, when compared with the slower method of manually tracing limb soft tissue borders."
Materials and Methods
A prospective cohort study was performed at Texas Children's Pavilion for Women from October to April, 2016. The study was approved by the Baylor College of Medicine Institutional Review Board. Pregnant women, who were scheduled to deliver either by induction or cesarean delivery or were being admitted for labor, were invited to participate. Participants were approached on the basis of convenience, and written informed consent was obtained. Fetuses with known congenital anomalies were excluded from this study. Neonatal data collected included date of birth, gestational age at delivery, birth weight, and sex.
Sonographic Data Acquisition
Fetal 2D biometric measurements (biparietal diameter, abdominal circumference, humerus diaphysis length, and femur diaphysis length) and 3D sonographic volume data sets (fractional arm volume and fractional thigh volume) were acquired with a 2D/3D system (WS80A; Samsung Medison, Seoul, Korea) by a single American Registry for Diagnostic Medical Sonographyregistered sonographer (L.M.M.) with more than 7 years of experience with 3D sonography. The 3D acquisition sweep was obtained from a convex volume transducer (CV1-8A) using an approximate sweep angle of 558 to 808. For each pregnancy, at least 2 sonographic volume data sets of the fetal arm and fetal thigh were obtained from a limb closest to the anterior uterine wall. A Medium 2 quality setting was used to increase sweep speed and to minimize fetal motion artifacts during the acquisition procedure.
Three-Dimensional Volume Data Analysis
Fractional limb volume measurements were calculated with a WS80A ultrasound system (5D Limb Vol; Samsung Medison). 7, 15 Each end of the limb diaphysis was automatically detected with a previously described software tool (5D Long Bone). 16 The partial limb volume was automatically subdivided into 5 equidistant cross-sectional image slices that were centered along the midarm or midthigh. An image transformation procedure required the examiner to identify the major and minor axis diameters of each limb cross section and to mark the location of the bony diaphysis. A global optimization technique (HD Volume Imaging) applied adaptive filtering for speckle and noise reduction to improve soft tissue edge detection. If needed, small manual adjustments of each circumferential limb soft tissue tracing were made, which were based on final visual inspection of automated results.
Statistical Methods
We examined the hypothesis that inclusion of the automated fractional limb volume to 2D sonographic measurements of the abdominal circumference and head diameter would provide similar performance when compared with a conventional 2D fetal weight estimation model. The accuracy and precision of third-trimester birth weight predictions were examined by 2 published methods: (1) estimated fetal weight from a conventional 2D birth weight prediction model by Hadlock et al 17 (biparietal diameter, abdominal circumference, and femur diaphysis length); and (2) estimated fetal weight from a prediction model that includes a limb soft tissue parameter instead of 2D long bone diaphysis length The following size parameters were used for weight prediction models: Hadlock (biparietal diameter, abdominal circumference, and femur diaphysis length); Lee, fractional arm volume (biparietal diameter, abdominal circumference, and fractional arm volume); and Lee, fractional thigh volume (biparietal diameter, abdominal circumference, and fractional thigh volume). Accuracy (ie, random error) was expressed as the signed percent difference from birth weight (BW) using the following calculation: percent difference 5 [(estimated BW -actual BW) 4 (actual BW)] 3 100. Precision (ie, random error) was expressed 6 1 SD of mean percent differences. AVol indicates fractional arm volume; EFW, estimated fetal weight; and TVol, fractional thigh volume. a Systematic error significantly different from 0 based on a 1-sample t test (P <.05).
(biparietal diameter, abdominal circumference, and fractional limb volume). 7 In this investigation, both the accuracy and precision of fetal weight estimates were examined for a given prediction model. Accuracy (ie, systematic error) was expressed as the mean percent difference in actual birth weight that was based on the following formula: signed percent difference 5 [(estimated birth weight -actual birth weight) 4 (actual birth weight)] 3 100. Precision (ie, random error) was expressed by the standard deviation of these percent differences. The systematic error of each model was compared by a 1-sample t test to determine whether the mean percent difference of each model from actual birth weight was significantly different from 0. Random errors were compared between the results of prediction models using the Pitman t test for comparing variances of correlated samples. 18 Statistical analysis was performed with the SAS system for Windows (version 9.2; SAS Institute Inc, Cary, NC), and P < .05 was considered statistically significant.
Results
Fifty pregnant women were scanned within 1 day before delivery (interquartile range, 0.2 days). The mean body mass index was 31.9 kg/m 2 with the following racial distribution: white, 34; black, 11; and Asian, 5. Obstetric complications included fetal growth restriction (n 5 1), hypertension (n 5 10), gestational diabetes (n 5 4), and maternal cholestasis (n 5 1). The mean scan age 6 SD was 39.1 6 1.4 weeks (range, 36.4-41.6 weeks, menstrual age). Neonates were delivered with a mean birth weight of 3335 g at 39.4 6 1.3 weeks' gestation.
The most accurate weight predictions were generated by the Hadlock model (biparietal diameter, abdominal circumference, and femur diaphysis length), with essentially no systematic error (0.31%) and a random error of 7.9% (Table 1) . Weight prediction models that included automated arm (fractional arm volume) or thigh (fractional thigh volume) measurements underestimated birth weight by 29.1% and 25.2%, respectively. However, the random errors associated with these weight estimates were substantially lower (5.1%-5.2%; Figure 1 ). Systematic errors were corrected by multiplying calculated estimated fetal weight results by either 1.0907 for the fractional arm volume model or by 1.0523 for the fractional thigh volume model. These corrections were accomplished by subtracting a decimal form of the signed mean percent difference from 1 and multiplying the calculated weight by that correction factor [eg, for fractional arm volume, 1 -(20.0907) 5 1.0907; for fractional thigh volume, 1 -(20.0523) 5 1.0523]. Corresponding systematic and random errors were recalculated (Table 2) . Systematic errors for corrected fractional arm volume and fractional thigh volume prediction models were no longer significantly different from 0 (paired t tests). Random errors for corrected Figure 1 . Systematic 6 random prediction errors (ie, accuracy 6 precision) with histogram distributions of mean percent differences between estimated and actual birth weight for Hadlock 17 and fractional limb volume-based 7 prediction models. AC indicates abdominal circumference; AVol, fractional arm volume; BPD, biparietal diameter; FDL, femur diaphysis length; and TVol, fractional thigh volume. . The accuracy and distribution of these prediction errors were also improved after correction for systematic errors (Figure 2 ).
Discussion
To our knowledge, our pilot study is the first to demonstrate that automated fractional limb volume can be used to improve the precision of fetal weight estimation during the third trimester of pregnancy. Small systematic errors observed in this cohort may be caused by using automated fractional limb volume with weight prediction models that had been previously developed from manually traced limb soft tissue borders on a different ultrasound system. In this context, we had previously reported an excellent correlation (0.993 to 0.998) between manually traced fractional limb volume and automated measurements with the same model of ultrasound system used in this investigation. 15 An optimized weight prediction model not only should be accurate but also should provide a level of precision with an acceptable level of reproducibility for daily clinical practice. Accuracy (ie, systematic error) can be influenced by potentially correctable known factors such as measurement technique, use of different ultrasound machines, and operator dependency. These errors may even be caused by using non-sample-specific weight estimation functions in pregnancies that are independent of the population sample from which these prediction models had been originally derived. By contrast, precision (ie, random error) reflects the inherent biological variability of a fetal size parameter in a specific population sample. Precise weight estimations are more likely to provide reproducible results that are very important for daily obstetric care. Unlike systematic errors, however, random errors cannot be corrected.
A major strength of our pilot study was that a single experienced examiner was able to internally validate this automated approach by replacing a 2D measurement of the long bone diaphysis with the automated fractional limb volume. An important study limitation was the relatively small sample size, which mainly consisted of late third-trimester fetuses. Unfortunately, sonographic methods are presently unavailable to provide information about the density of fetal soft tissue that could further improve the precision of fetal weight estimation.
In conclusion, computer-assisted fractional limb volume measurements can improve the precision of weight predictions in third-trimester fetuses. However, correction factors may be necessary to adjust underestimated systematic errors when using automated fractional limb volume with published weight prediction models that were originally based on manually traced limb volumes. Small systematic errors resulting from this automation process require further investigation over a broader Figure 2 . Systematic 6 random prediction errors (ie, accuracy 6 precision) with histogram distributions of corresponding mean percent differences for the fractional limb volume-based prediction models after the use of correction factors. Abbreviations are as in Figure 1. range of gestational ages. Future studies will be required to externally validate this approach using a larger sample size from different patient populations.
